Abstract-Ergodic capacity is an important performance measure associated with reliable communication at the highest rate at which information can be sent over the channel with a negligible probability of error. In the shadow of this definition, diversity receivers (such as selection combining, equal-gain combining and maximal-ratio combining) and transmission techniques (such as cascaded fading channels, amplify-and-forward multihop transmission) are deployed in mitigating various performance impairing effects such as fading and shadowing in digital radio communication links. However, the exact analysis of ergodic capacity is in general not always possible for all of these forms of diversity receivers and transmission techniques over generalized composite fading environments due to it's mathematical intractability. In the literature, published papers concerning the exact analysis of ergodic capacity have been therefore scarce (i.e., only [1] and [2]) when compared to those concerning the exact analysis of average symbol error probability. In addition, they are essentially targeting to the ergodic capacity of the maximal ratio combining diversity receivers and are not readily applicable to the capacity analysis of the other diversity combiners / transmission techniques. In this paper, we propose a novel moment generating function-based approach for the exact ergodic capacity analysis of both diversity receivers and transmission techniques over generalized composite fading environments. As such, we demonstrate how to simultaneously treat the ergodic capacity analysis of all forms of both diversity receivers and multihop transmission techniques.
I. INTRODUCTION
Wireless systems continue to strive for higher data rates and better reliability and to migrate to higher and higher frequency bands. Due to high data-rate and coverage requirements of current systems, the ergodic capacity analysis of diversity receivers and transmission techniques becomes an important and fundamental issue from both theoretical and practical viewpoints. However and to the best of our knowledge, published papers concerning the exact ergodic capacity analysis of wireless communications systems have been scarce [1] , [2] when compared to those concerning the exact symbol error probability (SEP) analysis. [3] .
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Shannon capacity of both diversity receivers and transmission techniques operating with bandwidth W over generalized fading channels can be given in general by C γ end W log 2 (1 + γ end ), where γ end is the overall instantaneous SNR and log 2 (·) denotes the binary logarithm (i.e, it is the logarithm to the base 2). The ergodic capacity C avg ≡ E [W log 2 (1 + γ end )], where E [·] the expectation operator, is defined by averaging the Shannon capacity C γ end over the probability density function (PDF) of the overall instantaneous SNR γ end , i.e.,
where p γ end (γ) is the PDF of the overall instantaneous SNR γ end . If one has a closed form PDF for the γ end , then (1) is very easy and straightforward to compute, yielding closed forms. On the other hand, important to note that γ end is in general a nonlinear function of the instantaneous SNRs γ 1 , γ 2 , . . . , γ L such that γ end = γ end (γ 1 , γ 2 , . . . , γ L ), where the function γ end (·) is the overall combining / transmitting function of the wireless communications systems. Diversity receivers and multihop transmission techniques have different nonlinear the overall combining / transmitting functions. Often and because of the nature of this nonlinearity, there is a high difficulty in the mathematical tractability of the statistical characterization of the overall instantaneous SNR γ end . Hence, the PDF p γ end (γ) of the overall instantaneous SNR γ end is generally not available in a simple and closed form and (1) has to be re-written as an L-fold integral in which the joint multivariate PDF of the instantaneous SNRs
Note that, even if under the assumption of that p γ 1 ,γ 2 ,...,γ L (r 1 , r 2 , . . . , r L ) is somehow available in closed form, the L-fold integration is tedious and complicated in addition to the fact that it cannot be separated into a product of one dimensional integrals. In addition, it is computationally cumbersome, especially as the number of branches / hops (i.e., L) increases. Thus, researchers in literature have tried to find the PDF of the overall instantaneous SNR γ end in order to find the ergodic capacity of the diversity receiver or the transmission technique they considered. Nevertheless, this technique is often complicated and tedious for generalized fading environment since it involves also an L-fold integral (L-fold convolution) even if the instantaneous SNRs
. . , γ L are assumed to be independent. For these reasons, two different MGF-based approaches have been elegantly developed only in [1] , [2] . In particular, using [4, Eq. (3.434/2)], Hamdi developed in [1] an elegant MGF-based approach for the exact capacity analysis, i.e.,
where M γ end (s) is the MGF of the overall instantaneous SNR γ end . Later, using [4, Eq. (6.224/1)], an alternative elegant MGF-based approach for the exact capacity analysis was developed by Di Renzo et. al in [2] , i.e.,
where 
, the overall MGF M γ end (s) can be given as in (4) at the top of this page. Referring to the main idea behind the MGF approach [3] , an MGF-based analysis approach is computationally efficient and easy to use if and only if the overall MGF M γ end (s) can be written in the product of the MGFs of the branches / hops for the considered wireless communication systems, (4) can neither be obtained in closed-form nor be expressed as the product of the MGFs of the diversity branches even if the instantaneous SNRs γ 1 , γ 2 , . . . , γ L are assumed to be mutually independent. As a consequence, the elegant MGFbased approaches developed in [1] and [2] are essentially targeting to the ergodic capacity analysis of maximal ratio combining (MRC) diversity receiver and are not applicable and extendible to the computation of the ergodic capacity of the other diversity receivers and transmission techniques.
In this paper, we propose a novel MGF-based approach for the ergodic capacity analysis over correlated / uncorrelated generalized composite fading channels and for an arbitrary number of diversity branches / hops. As such, in contradiction to both [1] and [2] , using the MGF-based approach proposed in this paper demonstrates how to simultaneously treat the ergodic capacity analysis for a variety of diversity receivers (such as selection combining (SC), EGC, MRC and root-meansquare combining (RMSC)), transmission techniques (such as cascaded fading channels and amplify-and-forward (AF) multihop transmission) and some approximation techniques applied to overall instantaneous SNR γ end (such as geometricmean approximation and minimum-bound SNR).
The remainder of this paper is organized as follows. In Section II, a generic expression for the overall instantaneous SNR γ end is intriguingly offered to unify the instantaneous SNR at the output of the diversity receivers and transmission techniques. Then, using this generic overall instantaneous SNR γ end , we propose a novel MGF-based approach for the ergodic capacity analysis which is remarkably unified not only for a variety of diversity receivers and transmission techniques but also for generalized composite fading environments. In Section III, some important diversity receivers and transmission techniques are outlined and discussed In order to check analytical simplicity and accuracy of the proposed MGFbased approach and show how to simultaneously treat the ergodic capacity analysis for a variety of diversity receivers and transmission techniques. Finally, conclusions are drawn in the last section. Last but not the least, we obtained in Appendix the generalized MGF of the instantaneous SNR in the EGK fading environment, It should be mentioned that several proofs of our results have intentionally been omitted due to space limitation. However, all these results have been checked numerically for their correctness and accuracy.
II. NOVEL ERGODIC CAPACITY ANALYSIS UNIFIED FOR DIVERSITY RECEIVERS AND TRANSMISSION TECHNIQUES
In both diversity receivers and transmission techniques, the overall instantaneous SNR γ end is a function of γ 1 , γ 2 , . . . , γ L such that γ end = γ end (γ 1 , γ 2 , . . . , γ L ) as mentioned before. Explicitly shown in the following subsection that, in the largest majority of cases, the overall instantaneous SNR γ end can be put in a single and unified mean / aggregation form of the instantaneous SNRs γ 1 , γ 2 , . . . , γ L .
A. Unified Overall Instantaneous SNR γ end
The overall instantaneous SNR γ end (that is, it is the overall instantaneous SNR at the output of wireless communications systems such as diversity receivers and transmission techniques) can in general be consistently written as
where η ∈ R + , p ∈ Z + and q ∈ Z + specify the type of the combining or transmission technique (see Table I at the top of the next page). Note that η denotes the power-scaling factor of the L-branch diversity receiver / L-hop transmission technique (such as η = L for both MRC and EGC receivers, and η = 1 for SC receiver, and η = 1/L for AF multihop transmission). Furthermore, for the transmitted signal with the average symbol energy E s , the instantaneous SNR γ of the th branch / hop is written as γ = Es N0 α 2 , where α and N 0 denote the amplitude of the fading and the power of the additive white Gaussian noise (AWGN), respectively, of the th branch / hop. It is of interest to note that, referring to both (1) and (5), the ergodic capacity analysis, which is remarkably unified for 
EGC Receiver has the overall instantaneous SNR [3] :
SC Receiver has the overall instantaneous SNR [3] :
RMSC Receiver has the overall instantaneous SNR [5] , [6] :
Cascaded Fading Channel has the overall instantaneous SNR [7, and the references therein]:
Geometric-Mean Approximation of the Overall instantaneous SNR
can be written as [8] , [9] 
γ .
AF Multihop Transmission has the overall instantaneous SNR [10, and the references therein]
γ mh = γ end (1/L, −1, −1) = 1 1 γ 1 + 1 γ 2 + · · · + 1 γ L .
Minimum-Bound of the Overall instantaneous SNR can be written as
a variety of diversity receivers and transmission techniques, can in general be written as
where the L-fold integration in (6) is tedious and complicated in addition to the fact that it cannot be separated into a product of one dimensional integrals.
In what follows, we present a new exact and unified MGFbased approach that overcomes the difficulty mentioned above. As such, referring to special cases of (5), we offer a generic and unified single integral expression to simultaneously treat the ergodic capacity of diversity receivers and transmission techniques over generalized composite fading channels.
B. An MGF-based Unification of the Average Capacity Analysis in Generalized Fading Channels
The unified analysis to be explained in this subsection allows for the capacity analysis of wireless communications systems characterized by a large variety of the combinations of combining techniques and transmission techniques in generalized composite fading environments.
Theorem 1 (Unified and
Generic Ergodic Capacity in Correlated and Generalized Composite Fading Environments).
Upon being unified and generic for a variety of diversity receivers and transmission techniques, the ergodic capacity in correlated and generalized composite fading environments is given by
where η ∈ R + , p ∈ R and q ∈ R are chosen according to the type of the combining or transmission technique, and where C η,q (s) is the auxiliary function given by
where H 
Proof:
The proof is omitted due to page limitation In order to find the ergodic capacity, the novel MGF-based approach proposed in Theorem 1 eliminates the necessity of finding the PDF of the overall instantaneous SNR γ end and show how to obtain the ergodic capacity unified and generic for a variety of diversity receivers and transmission techniques, by means of conspicuously converting L-fold integration into a single integration using the joint generalized
In addition in the case of there is no correlation between all instantaneous SNRs γ 1 , γ 2 , . . . , γ L , the unified and generic ergodic capacity can be given by the following corollary.
Corollary 1 (Unified and Generic Ergodic Capacity in Mutually Independent and Non-Identically Distributed Fading Environments). The exact average capacity analysis in mutually independent and non-identically distributed fading channels with the bandwidth W is given by
s) of the instantaneous SNR γ corresponding to the th branch / hop.
Proof: The proof is omitted due to page limitation Note that, in order to evaluate Corollary 1, the generalized MGF M γ p (s) of the instantaneous SNR γ corresponding to the th branch / hop and its derivative are obviously needed and given in closed-form for the extended generalized-K (EGK) 1 Note that the two integrals in Theorem 1 and Corollary 1 can be easily computed by standard mathematical software packages such as Mathematica®, Matlab® and Maple TM or they can be readily and accurately estimated by employing the Gauss-Chebyshev quadrature (GCQ) formula [11, Eq.(25.4.39)], which converges rapidly and steadily, requiring few terms for an accurate result. 2 For more information about the Fox's H function, the readers are referred to [13] , [14] fading environments which is a more generalized composite fading distribution whose special cases includes many more well-known fading distributions (i.e., see Appendix). In this context, useful to mention that, regarding the numerical computation of (8) (8) can be found for the rational integer values of the parameter q (that is, if we restrict |q| to |q| = k/l, where k and l are arbitrary positive integers) as shown in the following corollary. Note that the number of coefficients of the Meijer's G function in both (10a) and (10b) increases as the values of both k ∈ Z + and l ∈ Z + increase regarding |q| = k/l, so much so that the computation complexity of (15b) considerably grows and its corresponding computation latency substantially increases. Therefore, k ∈ Z + and l ∈ Z + should be kept as much as smaller while supporting the condition |q| = k/l. More specifically, the computation efficiency and latency of Meijer's G function G m,n p,q [·] is primarily addressed by the total number of coefficients (i.e., p + q). In this context, the complexity of both (10a) and (10b) can be seen as proportionated to their total number of coefficients (4l + k). As such, the utilization of the Fox's H function implementation in [7, Appendix A] in these instances is preferable.
III. SPECIAL CASES
Despite the fact that the novel results in the previous section are easy to use, let us consider in this section the special cases of the auxiliary function C η,q (s) (see Table I ) in order to check analytical simplicity and accuracy of how the novel MGF-based approach presented in Theorem 1 and Corollary 1 simultaneously treats the ergodic capacity analysis of diversity receivers and transmission techniques over generalized composite fading channels.
Special Case 1 (MRC Diversity Receiver). Referring to the unified auxiliary function given by (8) , the parameters η, p and q for the L-branch MRC diversity receiver are set to η = L, p = 1 and q = 1, respectively. Then, using [12, Eqs. (8.3 .2/21) and (8.2.2/9)], the auxiliary function C L,1 (s) can be expressed as 1), (1, 1), (1, 1) (1, 1), (0, 1) , 
where Ei (·) is the exponential integral function [4, Eq. (8.211/1)]. In order to check the validity, substituting (12) into (7) results in the well-known ergodic capacity result given in [2, Eq. (7)] by Di Renzo et. al. As such, substituting (12) into (9) further simplifies to the ergodic capacity C avg of the MRC diversity receiver over mutually independent fading channels as expected. Special Case 2 (EGC Diversity Receiver). Referring the special case of Table I with η = L, p = 1/2 and q = 2, and then using some algebraic manipulations based on [12, Eqs. (8.3.2/21) and (8.2.2/9)], the auxiliary function C L,2 (s) for the L-branch EGC diversity receiver can be readily given by
where using [12, Eq. (
where Ci (x) is the cosine integral function [11, Eq. (5.2.27)]. Eventually, substituting (14) into (7) in order to check the validity,, the ergodic capacity C avg of the EGC diversity receiver over correlated diversity branches results in [15, Eq. (4)] as expected. For the case that there does not exist any correlation among diversity branches, it is further simplified to [15, Eq. (5)] by means of substituting (14) into (9) . Special Case 3 (SC Diversity Receiver). Referring the special case of Table I with η = 1, p → ∞ and q = 1/p → 0 such that the parameter p is chosen as an integer (p ∈ Z + ) and pq = 1, the auxiliary function C η,q (s) given by (8) becomes
Finally, the ergodic capacity C avg of the L-branch SC diversity receiver having correlated branches is attained by substituting (15b) into (7). Moreover, (15b) into (9) results in the average capacity of the SC diversity receiver having uncorrelated branches. At this point, important to mention that the average performance of the SC diversity receiver is commonly computed in the literature using a cumulative distribution function (CDF)-based approach due to the fact that the CDF of the maximum of all instantaneous SNRs γ 1 , γ 2 , . . . , γ L can be obtained as the product of the CDFs of all instantaneous SNRs in independent fading conditions. In contrast and to the best of our knowledge, the ergodic capacity analysis for the SC diversity receiver, which is presented above, proposes an new and novel MGF-based approach which was unknown in the literature. Special Case 4 (RMSC Diversity Receiver). For RMSC diversity receiver [5] , [6] , the parameters η, p and q are set to η = √ L, p = 2 and q = 1/2, respectively. Then, using (8), the auxiliary function C √ L, 1 2 (s) can be expressed as
, (16a) (s) given by (11b) reduces to
where 2 F 2 [·; ·; ·] is the hypergeometric function defined in [12, Eq. (7.2.3/1)]. With this result, the ergodic capacity C avg of the L-branch RMSC diversity receiver can be expressed using (7) in general. Furthermore, substituting (17) into (9) results in the ergodic capacity of the RMSC diversity receiver over mutually independent branches. Special Case 5 (Cascaded Fading Channel). Referring the special case of Table I with η = 1, q → ∞ and p = L/q → 0 such that the parameter p is chosen as an integer (p ∈ Z + ) and pq = L, and using [12, Eq. (8.3 .2/21)], the auxiliary function C 1,q (s) for the L-hop cascaded fading channel can be readily given as
where q ∈ Z + is numerically chosen as high as possible (i.e., q 1). Finally, substituting (18) into (7) or (9) results in the average capacity C avg of the correlated cascaded fading channel or the mutually independent cascaded fading channel. Special Case 6 (Geometric-Mean Approximation of the Overall instantaneous SNR). After setting the parameters η,p,q to η = 1, q → ∞ and p =→ 0 so that pq = 1, the auxiliary function C 1,q (s) for the geometric-mean approximation of the overall instantaneous SNR γ end can be readily obtained as (18a) and (18) , in which q ∈ Z + is numerically chosen as high as possible (i.e., q 1). Eventually, the average capacity C avg for geometric-mean approximation of the overall instantaneous SNR γ end can be attained by utilizing both (7) or (9) . Special Case 7 (AF Multihop Transmission). For L-hop AF multihop transmission, the parameters η, p and q are set to η = 1/L, p = −1 and q = −1, respectively. Then, referring to (8) , the auxiliary function C 1 L ,−1 (s) can be readily written as 1), (1, 1)  (1, 1), (0, 1), (0, 1) , (19a) Table I with η = 1, p → −∞ and q = 1/p → 0 − with pq = 1, and using (8) , the auxiliary function C 1,1/p (s) for the minimum-bound of the overall instantaneous SNR can be attained as where |p| ∈ Z + is numerically chosen as high as possible (i.e., |p| 1). Finally, substituting (21b) into (9) results in the minimum-bound for the average capacity.
Consequently, these all special cases prove the analytical accuracy and validity of how the novel MGF-based approach simultaneously treat the ergodic capacity analysis for a variety of diversity receivers and transmission techniques.
IV. CONCLUSION
In this paper, a new MGF-based approach for the ergodic capacity analysis of diversity receivers and transmission techniques over generalized composite fading channels is presented. In contrast to the elegant MGF-based approaches available in the literature [1] , [2] which are basically unified with respect to generalized fading channels, the novel MGFbased approach proposed in this paper is expressly more generic enough to unify the ergodic capacity analysis for popular diversity receivers (such as selection combining, maximal ratio combining, equal gain combining and root-mean square combining) and transmission techniques (such as amplifyand-forward multihop transmission, cascaded fading channel, geometric-mean approximation of the overall instantaneous SNR γ end and minimum-bound approximation of the overall instantaneous SNR γ end ), i.e., there is no need to separately analyze the ergodic capacity of these diversity receivers and transmission techniques. As a consequence, note that the special cases demonstrated in Section III openly evidence and undoubtedly prove the methodological soundness, analytical accuracy, and validity of the unified and generic MGF-based ergodic analysis. Therefore, and due to space limitation, several proofs of our results have intentionally been omitted . However, all these results have been checked numerically for their correctness and accuracy. In addition, obviously combined with the fact the novel MGF based ergodic capacity analysis is obviously valid for a variety of generalized composite fading channels, the ergodic capacity analysis is demonstrated with the extended generalized-K (EGK) fading distribution.
